An assessment of hydrologic response (basin hydrology for snowmelt runoff, flood and drought) to future climate change in the Tone river basin was carried out using distributed biosphere hydrological model with energy balance based multilayer snow physics (WEB-DHM-S) and with integrated dam operation modules. Bias corrected output of the numerical weather prediction modeling with the incremental dynamical downscaling and analysis system (INDDAS) technique was used for long-term hydrologic simulation (1981-2009 and 2081-2109). Although variation in winter precipitation was found insignificant in future, summer precipitation was found remarkably increased. Hydrologic simulation results showed that snow melts at faster rate in future due to rise in temperature causing a considerable shift of snowmelt runoff from May to April at snow dominated sub basins. Top 30 flood analysis revealed that future flood risk at Fujiwara dam is reduced by the shift of seasonality of snowmelt runoff however, the flood at Yattajima point showed an increasing trend. Likeliness of drought in future will be reduced as future low flow will increase; however yearly analysis of the water level, dam inflow and outflow revealed that severe drought will prevail in future which follows the trend of occurrence of drought in the past.
INTRODUCTION
As climate change is inevitable and projection of increased impacts of climate change over the next several decades has been confirmed 1) , the shifts in hydrological regime and changes in extreme events, including floods and droughts, are now fundamental threats 2, 3) . These threats have brought an augmented attention to decision makers of building the podium to discuss the adaption strategies, to revisit the existing national plans and policies 3) . Thus it is necessary to develop the framework to accurately recognize the possible responses and develop adequate adaptation strategies accordingly 3) . Towards that orientation, the Research Program on Climate Change Adaptation (RECCA) was established by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) with the objective of obtaining science-based information for developing appropriate adaptation strategies at regional and local scales in Japan. This study intends to provide the scientific knowledge obtained from climate change projection in the upper reach of Tone river basin in Kanto region of Japan as it provides water for agriculture, waterworks, industry and electric power generation, and serves as an important foundation for social and economic activities in the Tokyo Metropolitan Area.
Severe flood and drought damages have been reported in this region during past decades. The 1947 flood caused by Typhoon "Kathleen" brought about massive flood damage in Tokyo Metropolitan Area. This caused the revision of flood control master plan in 1949 and construction of series of multipurpose dams was proposed to cope with the flood disaster and water use. In 1980, the design discharge at Yattajima point was established at 22000 m 3 /s for a flood of 1/200 probability. Out of proposed 10 dams in upper reaches above Yattajima point under the master plan, 6 dams were constructed (see Fig. 1a ) which can regulate 4660 m 3 /s total flood discharge and 115 million m 3 total volume of water (Fig. 1b) . Moreover, in recent years (1984, 1987, 1994, 2005) , the basin is highly impacted by drought too. In 1994, maximum cutoff ratio reached to 30% due to the low precipitation in June-August during past 48 years. Water shortage impacts are more vulnerable in snow dominated river basins like upper reaches of Tone River. Although the existence of several multi-purpose dams plays a key role in integrated river basin management by regulating spring snowmelt runoff and summer flood, their performance to projected flood and drought in future climate needs to be investigated. Many previous studies 4, 5, 6) focused on climate change impact studies on the Tone river basin, however, this study is the first to assess the response of the basin to future climate using the bias corrected dynamically downscaled regional climate model output in multilayered energy balance based snowmelt model (WEB-DHM-S) 6,7,8,.9) integrated with dam operation module in distributed biosphere hydrologic modeling framework, including the physical expression of snow hydrology. 6 dams and 4 stream gauges (Iwamoto, Murakami, Maebashi and Yattajima) are considered for hydrological simulation (see Fig. 1a ). 
MATERIAL AND METHODS (1) Overview of the method
An outline of the method used is shown in Fig. 2 . First, spatial distribution of meteorological forcing data are prepared from observed meteorological sites.
An altitude based snowfall correction factor is employed to estimate the correct spatial distribution of snowfall following the method of Shrestha et al 9) . Second, the statistical bias correction techniques are employed to correct the atmospheric model output (Weather Research Forecasting; WRF model). A two parameter gamma distribution function was used to correct the bias in precipitation. Third, the water and energy budget based distributed hydrological model with multilayer snow module (WEB-DHM-S) is set up in the basin with reservoir regulation modules for 500 m spatial resolution. Calibration and validation of the model was accomplished using observed forcing. Long term hydrologic simulations were designed using bias corrected WRF output for natural flow condition (no dams in upstream) and with dam condition. Finally, the impact assessment on the basin hydrology for snowmelt runoff, snow cover, flood and drought are discussed. 
(2) Distributed Snow Model (WEB-DHM-S)
WEB-DHM-S is the improved version of WEB-DHM 10) in its snow and glacier physics in the distributed biosphere hydrological modeling framework. WEB-DHM-S incorporates Simple Biosphere Model v2 (SiB2) 11) land surface scheme, 3-layered energy balance scheme for snowpack with prognostic albedo formulation, energy balance scheme for glacier, multilayer soil model with vertical and horizontal transport of water fluxes and groundwater model in a hill slope hydrologic unit with kinematic runoff routing scheme. The model has been widely applied in basin scale with different climate (Upper Tone and Shibuto basins in Japan, Dudhkoshi basinNepal, Hunza basin-Pakistan, Punatshang basinBhutan) and the model evaluation showed that the model was able to well simulate the snow depth, snow cover area and runoff. Details of the model equations and snow physics can be found in Shrestha et al. 7, 8) .
I_26 (3) Dataset
The basic static data are the DEM, land use data, soil data which are described in Shrestha et al. 9) . Dam behavior data, dam inflow, outflow and water level data and stream gauge discharge data are obtained from the Ministry of Land, Infrastructure and Transportation (MLIT), Japan. Meteorological forcing data (surface air temperature, wind speed, specific humidity, surface air pressure, downward shortwave/longwave radiation, and precipitation) for the past ) and future (2081-2009) at 6km spatial resolution and at hourly time step were obtained from the numerical weather prediction modeling (WRF) with the incremental dynamical downscaling and analysis system (INDDAS) technique, carried out by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC).
As described by Wakazuki et al. 12) , INDDAS method is the improved version of Psuedo Global Warming (PGW) considering climate changes in relative humidity and year to year variation. In PGW method, the climatological mean difference estimated by GCMs are added to objective analysis data (ERAInterim), and the data are used as the lateral boundary of RCM in future climate simulations. Here, SRES-A1B climate scenario of Phase 3 of the Coupled Model Intercomparison Project (CMIP3) GCM dataset is used. The dataset is made available through RECCA project. All 6km WRF data were disaggregated into 500 m model grid using linear interpolation method. Long-term (1981-2009) observed precipitation data from meteorological sites of the Automated Meteorological Data Acquisition System (AMeDAS) are used for bias correction. Precipitation is interpolated using angular distance weight method with altitudinal correction factor for snowfall 10) . Other meteorological data from AMeDAS during [2003] [2004] [2005] [2006] is processed for hydrologic model validation.
(4) Bias correction method
The past and future WRF raw precipitation data were corrected for bias based on the statistical relationship between the past WRF raw data and observed precipitation data. First, observed precipitation and WRF output at corresponding model grid are sorted in descending order for the study period in this study). Ranking order statistics was used to correct the frequency of wet days. The threshold value for number of no rain days correction is identified based on the rank where observed precipitation is 0.0 mm. It is assumed that WRF precipitation has same number of rainy days as the observations do. The rainfall intensities above the threshold of no-rain days correction are treated as normal rainfall which includes extremes and are fitted to two parameter gamma distribution function.
The corrected WRF normal rainfalls are the inverse of the fitted observed normal rainfall distribution. After correction of the WRF precipitation for past period, same functions from control period was transferred to projected WRF data to attain bias corrected future precipitation. Delta approach was used to correct the bias in air temperature 13) .
(5) Dam operation module
Based on observed patterns of dam inflows, dam outflow, water level and boundary conditions of dam behavior (maximum, minimum and normal flow season, allocation of effective dam volume for flood control and consumptive use), dam operation modules have been formulated to calculate dam outflow. A simple storage function approach was used to express the change in water volume following the law of conservation of mass in a control volume (dam). The water level was calculated using the h-v curve. Details of the approach can be seen in Shrestha et al. 6) .
RESULTS AND DISCUSSION
(1) Model validation with observed forcing Fig 3 shows the simulated and observed values of daily discharge at Fujiwara dam and Yattajima point. Well simulation of dam inflows at Fujiwara shows that Yagiswa and Naramata dam outflow are also well simulated, however, some discrepancies were observed in summer season due to uncertainty in rainfall data. Simulation results at Yattajima presents that discharge during flood and drought year are quite well represented by the model. 4 year average Nash Sutcliff Efficiency (NSE) at Fujiwara and Yattajima are at 0.70 and 0.76 respectively. Model parameters calibrated during this 4 years were transferred for long term simulation in past and future period. 
(2) Bias correction of WRF Precipitation
Spatial distribution of monthly climatology of precipitation for raw WRF dataset, observed data (followed by snowfall correction) and bias corrected WRF data are presented in Fig. 4 . Bias corrected data for past control period agree quite well with the observed dataset having spatial correlation above 0.9 in each month. Seasonal climatology shows that upper part (north) of the basin receive more precipitation in November-April as snowfall is dominant in this region. During summer season (July-September), zone of higher precipitation is concentrated at the Maebashi region. Although variation in winter precipitation was found insignificant in future, summer precipitation was found remarkably increased. 5 depicts the climatology of monthly averaged discharge for past and future simulations at selected dams and gauges. Due to rise in temperature in future, snow melts at faster rate causing a considerable increase of runoff in April and decrease of runoff in May at snow dominated sub basins (Yagisawa/Naramata/Fujiwara). It ultimately affects the discharge in May at downstream gauges as shown in Fig. 5 (d,e,f) . Discharge in December to March is found to be increased throughout the basin. At Yattajima point, increase in summer discharge was observed due to increase in summer precipitation. 
(b) Flood analysis
The top 30 daily discharge for natural flow simulation and with dam condition are presented in Fig. 6 . At Fujiwara, flood is largely reduced by the inclusion of dams due to less outflow from upstream dams (Yagisawa /Naramata). This effect diminishes at downstream gauges as expected. At Fujiwara, Iwamoto and Maebashi, future inflow is lesser than that in past, but future discharge is estimated remarkably higher at Yattajima as more than half of the basin area above this point is not controlled by the dams. 
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Raw WRF Past It is interesting to examine why the future inflow at Fujiwara is lesser. Fujiwara dam receives the outflow from Yagisawa dam and Naramata dam. The inflow to the dam, outflow from the dam and dam water level (WL) at Yagisawa, Naramata and Fujiwara dams are analyzed in an integrated approach to understand the impact of climate change on snowmelt runoff, flood, and drought. In this study, 1995/2095 year is taken as base case for the flood and 1987/2087 year for the case of drought. As shown in Fig. 7a , water level reaches its maximum level about one month in May at Yagisawa dam according to dam operation rule so that outflow equals to inflow. As a result, the dam outflow generally gets its peak in May as flood in Jul-Sep is stored well by the dam. For future simulations, the inflow is shifted earlier due to rise in temperature. Rapid reduction of WL in MayJune causes decline in duration of maximum WL providing more space in dam for flood control. The same theory applies to the Naramata dam (see Fig.  7b ). Shifted reduced outflow from the Yagisawa and Naramata dam in future causes the reduction of discharge for Fujiwara inflow in snowmelt season (see Fig. 7c) . Moreover, the reduced water level in Fujiwara dam also is able to store the flood well in future. Thus, it can be concluded that the projected changes in snow seasonality tend to reduce the flood risk in the future.
(c) Drought analysis
The climatological average of 275 th to 365 th daily discharge for past/future simulation at selected gauges are analyzed and presented in Fig. 8 . An increase in future low flow was observed throughout the basin suggesting less chance of drought compared to the past. However, yearly analysis of WL and dam inflow/outflow reveals that the severe drought will occur in future as it follows the severe drought pattern of the past period. For instance, drought case analysis (Fig. 7d-e) reveals that WL drops sharply due to remarkable water outflow for the water use requirement (Yagisawa/Naramata dams). Water use requirement for the past is provided to dam operation module based on long term observed dam outflow. There occurs huge gap in future dam outflow (which is designed same as for the past) and future dam inflow due to the earlier shift of snowmelt runoff in future which accelerates the rapid lowering of WL. This causes long drying of Yagisawa dam in summer when there is no rainfall. At Fujiwara dam, prolonged drought is observed with minimum WL from midAugust to December in future due to less rainfall. Thus, attention should be given in managing low flow in future. 
CONCLUSIONS
This study is the first to assess the response of the Tone river basin to future climate using the bias corrected dynamically downscaled regional climate model output in multilayered energy balance based snowmelt model (WEB-DHM-S) integrated with dam operation module in distributed biosphere hydrologic modeling framework. Long term past ) and future (2081-2109) precipitation data obtained from the WRF modeling with the INDDAS technique was bias corrected using two parameter gamma distribution function. It was found that summer precipitation in future was found remarkably increased where difference in past vs future winter precipitation was insignificant. Long term hydrologic simulation results showed that snow melts at faster rate in future due to rise in temperature causing a considerable shift of snowmelt runoff from May to April at snow dominated sub basins. Top 30 flood analysis revealed that future flood risk at Fujiwara dam is reduced by the shift of seasonality of snowmelt runoff however, the flood at Yattajima point showed an increasing trend. Likeliness of drought in future will be reduced as future low flow will increase; however yearly analysis of water level, dam inflow and outflow revealed that severe drought will prevail in future as that occurred in the past. Thus, keen attention should be given in managing future low flow. Moreover, careful consideration of uncertainty associated with the bias correction of INDDAS outputs should be considered in future works, while the results obtained in this study are carefully validated and are reliable.
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